Despite a rise in the use of "learning by doing" pedagogical methods in praxis, little is known as to why these methods may improve learning outcomes. This is surprising given that an increased mechanistic knowledge of learning by doing-based improvements has the potential to speed up the development of evidence-based teaching practices. Here we use neuroscience methods and a gesture-enriched foreign language (L2) vocabulary learning paradigm to adjudicate between opposing predictions of two neuroscientific learning theories. We demonstrate that sensory brain regions associated with the processing of gesture-related stimulus information causally contribute to performance benefits following gesture-enriched L2 vocabulary learning. Sensory brain responses benefitted both short-and long-term learning outcomes, as well as the learning of both concrete and abstract words. These findings suggest that responses within specialized visual sensory cortices precipitate sensorimotor-based learning benefits. Such a mechanism could play a role in comparatively effortless native language learning and may be key for accelerating L2 proficiency in adults.
Native language (L1) learning proceeds effortlessly during infancy and is driven by extensive sensorimotor interaction with caregivers and the environment 1, 2 . Foreign language (L2) vocabulary learning by adults, however, is effortful and time-consuming, and typically relies on unisensory material such as written word lists or audio recordings 3−5 . As many have experienced, word lists must be relearned often in order to build up robust memory representations for new vocabulary. More recent learning by doing-based approaches, contrast with these techniques 6 . Though initially viewed as unconventional, principles of learning by doing have shifted from the periphery of educational science toward its center over the past few decades 7 . The goal of learning by doing is to engage in activity that encourages reflection upon the learning material 8 . Here we refer to learning by doing strategies as sensorimotor-enriched learning. Quantitative studies of sensorimotor-enriched learning are by and large lacking; one recent analysis suggested that sensorimotor-enriched teaching methods boosted undergraduate test performance in science, engineering, and mathematics courses compared to sensory-only teaching methods 9 . Sensorimotor-enriched pedagogical approaches to L2 learning such as the performance of iconic gestures during vocabulary learning have been suggested as a means of better approximating L1-like learning experiences and potentially facilitating language acquisition 10 . Iconic gestures occur spontaneously during L1 production in adults 11 , and are used by young children to communicate during language development 12 . The performance of iconic gestures during the auditory presentation of both L1 13 and L2 14 words boosts learning outcomes compared to commonly-practiced auditory-or visual-only vocabulary learning strategies in the laboratory environment. Pioneering translational studies additionally suggest that beneficial effects of gesture enrichment may also carry over to the classroom 15 .
The mechanisms underlying enhanced memory for sensorimotor-enriched stimuli remain elusive. It has been suggested that the presence of complementary sensory or motor information during learning ("enrichment") lays down motoric memory traces 16, 17 as well as multisensory memory traces 1, 18, 19 , establishing a greater number of routes for successful memory retrieval. Investigations of brain responses to trained sensorimotor stimuli are in agreement with these accounts. For example, children demonstrate increased motor cortex responses when viewing letters that they have previously been taught to write, compared to letters that they have been taught to recognize visually 20 . Similarly, the translation of auditorilypresented L2 words that have previously been taught using gestures elicits responses within pre-/motor cortices in adults 21 . Auditory L2 translation also elicits specialized visual cortical responses: Whereas the biological motion area of the superior temporal sulcus (bmSTS) CAUSAL ROLE OF SENSORY CORTICES 4 becomes engaged following gesture-enriched vocabulary learning, the lateral occipital complex (LOC) is engaged following picture-enriched vocabulary learning 22 .
Uncovering whether multisensory and motor memory traces mediate behavioral benefits of sensorimotor-enriched learning is essential for the effective development of evidence-based teaching methods. On one hand, responses to unimodal stimuli within specialized sensory and motor brain regions following sensorimotor-enriched learning may be viewed as epiphenomenal, a view taken by reactivation-based theories of multisensory learning 23−26 . Reactivation theories suppose that sensory and motor brain responses engender a mere representation of the memorized stimulus, and therefore serve effectively no functional role in memory recognition.
Beneficial effects of learning could then be relegated to the arousing influence of sensorimotor enrichment on learning 27 , and efforts to develop novel teaching strategies could be geared towards that aspect of enrichment. On the other hand, sensory and motor brain responses to previously-learned items may directly benefit recognition processes by increasing recognition speed and accuracy. The predictive coding theory of multisensory learning 22, 28, 29 takes this approach by proposing that sensory and motor cortices build up sensorimotor (e.g., visuomotor)
forward models during perception that predict or simulate missing input, which functionally benefit behavioral learning outcomes. If sensory and motor brain responses during unimodal stimulus presentation are functionally relevant for learning outcomes, teaching techniques could be optimized to target specific sensory structures that underlie task performance. Thus, the first aim of the current study was to adjudicate between reactivation-based and predictive coding theories of multisensory learning.
Investigating the neural bases of sensorimotor-induced memory enhancement will provide critical insight into the role of sensory cortices in memory 30−32 , a topic that is currently intensely debated 33 . Human memory is often partitioned into procedural memory, which is anchored in sensory and motor systems, and declarative memory for facts and events 34−36 . Though memory for vocabulary has been construed traditionally as a form of declarative memory 37 , sensorimotor-enriched training may anchor L2 vocabulary representations in procedural memory systems. Procedural memories are known to decay less rapidly than newly-learned declarative memories 38 and are less vulnerable to interference following stabilization 39 .
Therefore, the second aim of the current study was to evaluate the functional role of sensory brain responses in learning outcomes over an extended time period (> 5 months post-training).
Given the temporal robustness of sensorimotor-based neural representations, we expected that multisensory brain responses would boost learning outcomes over extended post-training durations.
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A potentially limiting factor in the success of sensorimotor-enriched approaches to L2 vocabulary learning may arise from the conceptual perceptibility of word referents. Conceptual perceptibility refers to the extent to which referents can be perceived by the body"s sensory systems (e.g., tangibility, visibility 40 ). The referent of the concrete noun ball, for example, is highly tangible and can be iconically represented by using one"s arms to throw an imaginary ball.
Referents of other words, such as the abstract nouns mentality or theory are less tangible and are therefore more difficult to convey using gestures or pictures. Abstract words are more difficult for learners to acquire than concrete words, both in L1 41 and L2
42
. One explanation for the faster acquisition of concrete words is that their referents possess intrinsic associations with the body"s sensory and motor systems 43, 44 . Abstract words may instead be represented introspectively via internal states 45 , through metaphor 46 , or based on the context of specific situations 41 . Given that concrete and abstract L1 words differ in terms of their intrinsic sensorimotor associations, the third aim of the current study was to address whether sensory brain regions differentially contribute to gesture-enriched learning benefits for these word types.
Though functional neuroimaging has contributed much to our understanding of interactions between information arising from distinct sensory modalities, neuroimaging techniques are limited to demonstrations of correlational rather than causal effects 47 . Here, we use transcranial magnetic stimulation (TMS) to test whether or not brain regions that are engaged during sensorimotorenriched learning causally contribute to its beneficial behavioral effects. During TMS, small magnetic fields are applied non-invasively to the scalp, targeting a specific brain area. The magnetic fields induce electrical currents in the underlying brain tissue, transiently interfering with processing in that specific area 48 . If the stimulated region is causally relevant for an ongoing task, then an observable behavioral effect, often an increase in response latencies, can be induced 49−53 .
The use of TMS is key for making causal claims regarding the role of specialized sensory and motor areas in behavioral benefits of sensorimotor-enriched learning, and cannot be substituted by behavioral, functional magnetic resonance imaging (fMRI), or other neuroscience measurements that fall prey to pitfalls of causal inference 54 .
In the current study, adult learners were trained on 90 novel L2 words and their L1 translations over 4 consecutive days (Fig. 1a) . L2 vocabulary (concrete and abstract nouns, Table   1 ) was learned in two conditions. In a gesture-enriched learning condition, individuals viewed and performed gestures while L2 words were presented auditorily (gesture enrichment). In a control condition, individuals viewed pictures while L2 words were presented auditorily (picture enrichment) (Fig. 1b) . Gestures and pictures were congruent with word meanings. We then used TMS to target the bmSTS, a region implicated in visual perception of biological movements 55, 56 that has previously correlated with behavioral benefits of gesture enrichment, but not with picture enrichment, in an L2 translation task 22 . TMS was applied to the bilateral bmSTS while participants translated auditorily-presented L2 words into L1 at two time points: 5 days and 5 months following the start of L2 training. Participants did not perform gestures or view pictures during the TMS task.
A within-participants control condition was included in each TMS session by applying both effective and sham TMS to the bilateral bmSTS (Fig. 1c) . b generated ineffective placebo stimulation (i.e., sham TMS) and were positioned on top of the bmSTS coils at an angle of 90°. d, During each TMS session, participants heard the L2 words that they had learned during the 4-day training and then selected the L1 translation by button press from a list of options presented on a screen. L1 words were presented in German.
Trains of seven TMS pulses at 10 Hz were delivered 50 ms following each L2 word onset.
Trials with effective and sham TMS alternated in blocks. Note that participants additionally pressed a button as soon as the L1 translation came to their mind following each auditorilypresented L2 word (not shown, see methods for more details).
We tested three main hypotheses. First, according to the predictive coding theory of multisensory learning 28, 29 , the application of inhibitory stimulation to the bmSTS should slow down the translation of an auditorily-presented L2 word if the word has been learned with biological motion as is the case with gestures, but not if it has been learned with pictures. In contrast, reactivation-based learning theories 23−26 , which assume that reactivated areas do not play a functional role in recognition, would predict no differential effects of bmSTS stimulation on the translation of auditorily-presented L2 words. Our second hypothesis was that gesture-enriched learning would yield more temporally robust L2 memory representations compared to pictureenriched learning, because sensorimotor, procedural memories are thought to decay less quickly over time than declarative memories 38 . We therefore expected less decay over time of memory for L2 words learned using gestures compared to L2 words learned with pictures 22 , and additionally aimed to explore whether there were greater effects of bmSTS stimulation on the translation of L2 words learned using gestures at the later time point (5 months) compared to the earlier time point (5 days). Our third hypothesis was that bmSTS stimulation would yield similar effects on the translation of both concrete and abstract words. This prediction was based on previous results
showing that sensorimotor enrichment can benefit the learning of both word types 42, 57 .
Results

Stimulation of the bmSTS slows the translation of gesture-enriched foreign vocabulary
Our first and primary hypothesis was that a brain region specialized in the perception of biological motion, the bmSTS 55, 56 , causally contributes to L2 translation following gesture-enriched L2 learning, but not picture-enriched L2 learning. We therefore first tested whether bmSTS stimulation modulated L2 translation, irrespective of testing time point. The results confirmed our hypothesis. A two-way analysis of variance (ANOVA) on response times revealed a stimulation type × learning condition interaction (F 1,21 = 11.58, P = .002, two-tailed, .36). Tukey"s HSD post-hoc tests revealed that response times for words that had been learned with gesture enrichment -but not picture enrichment -were significantly delayed when TMS was applied to the bmSTS compared to sham stimulation (P = .005, Hedge"s g = . 33 ). This indicates that perturbation of a brain area related to biological motion slowed the translation of L2 words that had been learned with gestures, but not of L2 words learned with pictures ( Fig. 2) . Slower responses were associated with lower accuracy ( Table 1) . Correlations reached significance for all but one condition. Thus, participants did not trade speed for accuracy. for all correlations.
Gesture-enriched training facilitates long-term speed and accuracy of foreign vocabulary translation
Our second hypothesis was that memory for L2 would be more temporally robust following gesture-enriched learning compared to picture-enriched learning. We first tested whether gestureenriched learning yielded less L2 memory decay over time compared to picture-enriched learning.
Changes in L2 representations over time were evaluated by comparing changes in L2 translation speed and accuracy at 5 days and 5 months following the start of learning. Only sham condition speed and accuracy measures were evaluated, in order to assess differences between gestureand picture-enriched learning in the absence of neurostimulation.
A two-way ANOVA on changes in translation accuracy across the two testing time points (day 5 -month 5) revealed a learning type × vocabulary type interaction (F 1,21 = 13.84, P = .001, two-tailed, = .40). Tukey"s HSD post-hoc tests revealed a greater decrease in translation accuracy over the 5-month interval following picture-enriched learning compared to gestureenriched learning for concrete words only (P = .009, Hedge"s g = .58). Thus, gesture-enriched representations of concrete L2 words were less susceptible to memory decay processes than audiovisually-enriched L2 representations (Fig. 3a) .
A two-way ANOVA on changes in translation response time across the two testing time points (month 5 -day 5) revealed a main effect of learning condition (F 1,21 = 11.05, P = .003, twotailed, = .34). A greater increase in response times occurred over the 5-month interval following picture-enriched learning compared to gesture-enriched learning (Fig. 3b) . Therefore, gestureenriched learning benefitted translation response times more than picture-enriched learning over the long-term, indicating the robustness of gesture-enriched L2 representations in memory over a long timescale. 
Effects of bmSTS stimulation depend on the conceptual perceptibility of learning material
Finally, we tested our third hypothesis that the disruptive effects of bmSTS stimulation would occur independent of the conceptual perceptibility of the L2 word referents (i.e., whether a word was concrete or abstract). A four-way ANOVA on translation response times yielded a In line with previous literature 58 , concrete L2 vocabulary was translated more accurately overall than abstract L2 vocabulary: A four-way ANOVA on translation accuracy (percent correct) confirmed a significant main effect of vocabulary type (F 1, 21 = 35.6, P < .001, two-tailed, = .63).
Overall, concrete nouns were translated significantly more accurately (M = 71.0%, SE = 2.0%) than abstract nouns (M = 63.2%, SE = 2.2%). Therefore, engagement of the visual bmSTS depended on prior sensorimotor experience.
The perception of familiar L1 vocabulary activates an experience-dependent network of sensory and motor areas 32, 62 . Reading the word "salt" in L1, for example, can trigger processing in regions of the brain related to taste 63 , and spoken action words such as "kick" and "pick" elicit neural responses within somatotopically-related areas of the motor and premotor cortices A key aspect of how information arising from distinct modalities can be integrated during learning is the information"s congruency 29, 66, 67 . For example, the performance of iconic gestures during L2 vocabulary learning enhances memory for the vocabulary, but the performance of meaningless gestures does not 14 . Similarly, concrete concepts map more easily onto gestures compared to abstract concepts 42 , which are less conceptually perceptible 44 . The reduced congruence between gestures and abstract concepts may have resulted in learners" reliance on alternate short-term memory strategies for translation abstract L2 words at the earlier time point.
Nevertheless, bmSTS stimulation inhibited the translation of both gesture-enriched concrete and abstract words at the later time point, consistent with the previous demonstration of greater longterm memory benefits for both word types following gesture enrichment compared to picture enrichment 22 . Sensorimotor facilitation of the translation of abstract L2 nouns in adults may function by building associations between abstract concepts and perceptible sensory and motor events.
The L2 translation of the word innocence, for example, is difficult to learn if paired simply with its native language translation. It becomes easier to learn if paired with the iconic gesture of shrugging of one"s shoulders, even though innocence is not defined as shrugging 42 . From this standpoint, sensorimotor-enriched training may be even more valuable for the learning of abstract words than other word types, as abstract words are generally more difficult to learn in both L1 and L2 41, 42 .
Glenberg and Gallese 68 propose that sensory and motor associations with abstract concepts build up incidentally during L1 development. Our findings show that there are mechanisms in place that could be coopted for such incidental L1 vocabulary learning to occur.
What kind of mechanism may explain the involvement of specialized sensory cortices in sensorimotor-enriched L2 learning? In order to recall the meaning of a newly-acquired L2 word, one may internally re-enact the perceptual and motor processes that were involved in learning that word. This re-enactment effectively proceduralizes memory for the vocabulary. Numerous behavioral studies support the notion that perceptual and motor processes involved in learning are re-enacted during recognition 69−72 . During reading, for example, concrete nouns such as plane and soccer ball elicit upward and downward saccades, respectively, suggesting that visuomotor simulations are involved in accessing semantic knowledge 70 (replicated in 69 ). The mechanism of sensorimotor simulation provides a link between specialized sensory brain responses and procedural memory retrieval 73 . Procedural memories have been described as learned connections between stimuli and actions that define "how" to do something 74, 75 . Given the strong associations formed between actions and their sensory outcomes 76 , memory for actions may rely on the simulation of sensory consequences of actions in addition to (or even more than) the simulation of motor representations that are used to produce those sensations 77 . Thus, whereas idiosyncratic L2 knowledge such as the link between an L1 word and its L2 translation may be housed within declarative memory systems 5 , the representation of L2 words within specialized visual sensory areas following sensorimotor-enriched training suggests that memory for L2 is partly embedded within procedural memory. This view is consistent with the finding that gesture-enriched L2 words elicit responses within brain areas associated with declarative memory such as the hippocampal formation, but also in sensory and motor areas tied to procedural memory 21 . The view is also consistent with the idea that the presence of an additional dimension (e.g., visual, somatosensory) along which stimuli can be evaluated during recognition underlies the beneficial effects of learning by doing 16, 78 . Proceduralization of L2 semantic knowledge could also explain the greater robustness of gesture-enriched compared to picture-enriched neural L2 representations over long timescales observed in the current study 22 .
A growing literature has reported positive effects of arousal-based interventions such as acute physical exercise 79 , mood and emotion regulation 80, 81 , and even background music 82 Written informed consent was obtained from all participants prior to the study.
Participants were informed that the goal of the study was to test the effectiveness of different vocabulary learning strategies in adulthood but they were naïve to the specific hypotheses. All participants were evaluated by a medical doctor prior to the study in order to be approved for TMS and magnetic resonance imaging (MRI). The study was approved by the ethics committee of the University of Leipzig.
Stimuli
Stimuli consisted of 90 pseudowords ( Table S1 ). The pseudowords were derived from an artificial foreign language corpus referred to as "Vimmi", developed by Macedonia and colleagues 14, 88 and intended for use in experiments on L2 learning. The corpus was created in order to control for participants" prior knowledge of foreign languages and for differences between words (e.g., length, frequency) in natural languages. Vimmi words conform to rules of Italian phonotactics (words sound like Italian but do not exist in the Italian language). All Vimmi words used in the current study were composed of three syllables consisting of vowels and consonants.
The 90 Vimmi words and 90 German translations used in the current study were previously tested by Mayer and colleagues 
Experimental Design
The study utilized a 2 × 2 × 2 × 2 repeated-measures design. Within-participant independent factors were learning enrichment condition (gesture, picture), TMS condition In each gesture enrichment trial (Fig. 1b) , participants first heard an L2 word accompanied by a video of an actress performing a gesture that conveyed the meaning of the word (shown for 4 s). They then heard the native language (L1) translation paired with a blank screen. Finally, the L2 word was presented a second time, again accompanied by the same video of the actress performing the gesture. Participants were asked to enact the gesture along with the actress during the second showing of each video. They were free to perform the gestures mirror-inverted or they could use their right arm when the actress in the video used her right arm, for example; they were asked to use only one of the two strategies throughout the learning period. In each picture enrichment trial (Fig. 1b) , participants first heard an L2 word accompanied by a picture that conveyed the meaning of the word (shown for 4 s). They then heard the L1 translation paired with a blank screen. Finally, the same L2 word was presented a second time, again accompanied by the same picture. A motor task was not included in the picture enrichment condition as the enrichment of picture viewing with motor information (e.g., tracing an outline of presented pictures) has been shown to be less beneficial for learning than simply viewing the pictures without performing a motor task in adults 22 . We therefore did not Effective and sham TMS intensity during the L2 translation task was set to 90% of each participant"s RMT 93, 94 . The same intensity was used for both TMS sessions for each participant (M = 40.1% of maximum stimulator output, SD = 5.6%).
Data Analysis
All participants who completed the study (n = 22) were included in the analyses.
To test our first hypothesis, we first ran a repeated measures two-way ANOVA with the factors learning condition (gesture, picture) and stimulation type (effective, sham) on translation response times. To evaluate whether the observed patterns of response times were due to speed-accuracy tradeoffs, we correlated response times in the multiple choice translation task were compared with accuracy (percent correct) for each learning condition, stimulation condition, and time point.
To test our second hypothesis on changes in L2 translation speed and accuracy over time, we computed change in translation speed and accuracy from day 5 to month 5 for the sham condition only. We then ran two-way repeated measures ANOVAs with factors learning condition 
